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Potential benefits of tanniferous
forages in integrative crop-
livestock agroecosystems

Andrea Clemensen*, Jonathan J. Halvorson,
Rachael Christensen and Scott L. Kronberg

United States Department of Agriculture, Agricultural Research Service, Northern Great Plains
Research Laboratory, Mandan, United States
Integrating livestock into cropping systems may enhance ecosystem services

while still providing efficient food production. Including tanniferous forages in

crop-livestock systems could further enhance ecosystem services. Interest in

phytochemicals, such as tannins, has increased over the past several decades,

and research continues to reveal the potential benefits of tannins in agricultural

systems. However, research evaluating the influence of tanniferous forages in

integrative crop-livestock systems is limited. We discuss how tannins influence

soil microbial dynamics and nutrient cycling, the function of tannins in forages,

and the role tannins have in improving the health of foraging animals. We

speculate on potential advantages for human health from consumption of

animal-based foods from animals that consumed tanniferous forages or

supplemental plant materials. Expanding our knowledge and integration of

phytochemicals in muti-faceted agroecosystem research and utilizing their

influence in agriculture system dynamics may be an effective tool to enhance

agroecological sustainability.

KEYWORDS
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• Integrative crop-livestock systems may enhance agricultural sustainability

• Tannins offer agroecological benefits from the soil to the atmosphere

• Tanniferous forages may reduce input requirements in crop-livestock systems
eviations: CT, condensed tannins; HT, hydrolysable tannins.
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Introduction

Plants must adapt to evolving environmental stresses

through both physical (spines, thorns, etc.) and chemical

mechanisms. Through a variety of chemical pathways, plants

produce thousands of phytochemicals which they use to interact

with their environment in several ways (Pichersky and

Gershenzon, 2002; Theis and Lerdau, 2003; Bezemer and van

Dam, 2005; Laothawornkitkul et al., 2009; Macel et al., 2010;

Macel and van Dam, 2018). Based on biosynthesis, there are

three major groups of plant secondary metabolites:

1) terpenoids, 2) alkaloids, and 3) phenylpropanoids and

phenolic compounds (Croteau et al., 2000). Phenolic

compounds, which include tannins, are widespread throughout

the plant kingdom (Croteau et al., 2000), and their role in

agroecosystems is diverse. Phenolic compounds influence soil

nutrient cycling, enhance the ability of plants to cope with

environmental stress, and improve ruminant digestion (Dixon,

2001; Mueller-Harvey, 2006; Smolander et al., 2012).

In general, tannins and other phenolic secondary

metabolites are more prevalent in perennial trees and bushes

compared to grasses and agricultural plants (Haslam, 1981;

Aerts et al., 1999). Tannins may account for a significant

proportion of leaf, bark or even root biomass (20-60%),

(Baldwin and Schultz, 1984; Kuiters, 1990; Matthews et al.,

1997; Hassanpour et al., 2011) but they can be found in some

crops and forages such as sorghum and various legumes

(Nyachoti et al., 1997; Aerts et al., 1999; Hassanpour et al.,

2011; Sharma et al., 2019; Hill and Roberts, 2020).

Enhancing agroecological sustainability involves multiple

approaches including increasing plant biodiversity and reducing

inputs such as fertilizers and herbicides for forage and/or crop

production, and anthelmintics for animal production. Although a

subject of research for more than sixty years (e.g., Coulson et al.,

1960; Handley, 1961), development of strategies for the use of

tannins as management tools in agroecosystems has lagged, in part

because studies have only recently attempted to address their

synergistic effects on soil, crops, animals and ultimately humans

(Maughan et al., 2014; Miele et al., 2019; Clemensen et al., 2020;

Slebodnik, 2020). Here, we speculate that integrating crop-livestock

systems with plant species containing phenolic compounds such as

tannins may reduce the need for external inputs, as we discuss the

role of tannins in soil, plants, and livestock. We propose that the

incorporation of these species benefits agronomic systems, and that

potential research be expanded to include the incorporation of

tannin-containing plant species in future agroecosystem research.
Influence of tannins on
soil dynamics

The potential for tannins and other phenolic substances to

affect important biogeochemical processes in soil such as organic
Frontiers in Agronomy 02
matter formation and nutrient cycling has been widely

appreciated (Adamczyk et al., 2018; Crush and Keogh, 1998;

Horner et al., 1988; Kuiters, 1990; Hättenschwiler and Vitousek,

2000; Kraus et al., 2003a; von Lützow et al., 2006). While early

tannin research was conducted on temperate agricultural soils

(Basaraba, 1964; Basaraba and Starkey, 1966; Lewis and Starkey,

1968), much of what we know about their effects in soil has come

from studies in forest ecosystems (Rice and Pancholy, 1973;

Kuiters, 1990; Kraus et al., 2003a; Kraus et al., 2004; Joanisse

et al., 2007; Joanisse et al., 2009; Kraal et al., 2009) and tropical

soils (Sivapalan et al., 1983; Sivapalan et al., 1985; Mutabaruka

et al., 2007; Coq et al., 2010; Ushio et al., 2013). These studies

have tended to emphasize the impacts of tannins on microbially

mediated processes.

Tannins enter soil from aboveground living or dead plant

material, animal manure or from roots (Castells et al., 2005;

Crush and Keogh, 1998; Gallet and Lebreton, 1995; Schofield

et al., 1998; Kraus et al., 2003a; Meier et al., 2008) in complex

patterns influenced by environmental conditions and

interactions between plants, microorganisms, and soil (Suseela

et al., 2016; Top et al., 2017; Solaiman and Senoo, 2018; Arnoldi

et al., 2020). Accurate estimates of phenolic inputs (including

tannins) to soil from cultivated crops are notably lacking but in

natural systems are reported to range between 0.33-0.65 oz ft-2

year-1 (Hättenschwiler et al., 2003; Tharayil et al., 2013).

Together with non-tannin phenolic substances, they comprise

a substantial, dynamic, flux of C substrates in the soil that affect

numbers, diversity, and functioning of soil biota.

Interactions between soil microorganisms and tannins that

affect organic matter formation and nutrient cycling are complex

and influenced by the characteristics of the tannins (Fierer

et al., 2001; Kraus et al., 2004; Norris et al., 2011; Schmidt et al.,

2013b), plant genetics (Schweitzer et al., 2005; Schweitzer et al.,

2008; Selmants et al., 2019), and may vary among different soil

microbial groups (e.g. Souto et al., 2000; Selvakumar et al., 2007;

Ushio et al., 2013; Zhang and Laanbroek, 2020). Tannins can

directly inhibit microbial processes (Scalbert, 1991; Field and

Lettinga, 1992; Bhat et al., 1998; Cowan, 1999; Selvakumar et al.,

2007; Buzzini et al., 2008) but may also be utilized as a substrate by

soil microorganisms resulting in short-term immobilization of soil

nitrogen (Kraus et al., 2003a; Kraus et al., 2004; Castells, 2008;

Talbot and Finzi, 2008; Schmidt et al., 2013b). Tannins may also

influence nutrient cycling by inactivating enzymes (Benoit and

Starkey, 1968; Field and Lettinga, 1992; Joanisse et al., 2007;

Triebwasser et al., 2012) or by forming occluded tannin–protein

complexes (Rillig et al., 2007; Joanisse et al., 2009; Wurzburger

and Hendrick, 2009; Adamczyk et al., 2019; Makarov, 2019; Chen

et al., 2020).

Traditionally the defining characteristic of tannins is their

ability to form crosslinked, complexes with protein (Hagerman,

2012). However, tannins are also known to complex with other

organic N compounds including arginine, nitrogen bases,

polyamines, chitin, chitosan and glomalin (Halvorson and
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Gonzalez, 2006; Adamczyk et al., 2011). Complexation with

enzymes is widely thought to inhibit enzyme activity but

conversely low concentrations of tannins may increase enzyme

activity (Adamczyk et al., 2017).

Tannins may also directly affect important abiotic processes

in soils, depending in part upon specific structural

characteristics, forming complexes with a variety of organic

and inorganic fractions and participating important chemical

reactions like chelation and oxidation/reduction (Appel, 1993;

Kraus et al., 2003b; Kaal et al., 2005; Salminen et al., 2011;

Schmidt et al., 2012; Schmidt et al., 2017; Subdiaga et al., 2020).

Tannins have been found to rapidly affect soil C/N dynamics

(Halvorson and Gonzalez, 2008; Halvorson et al., 2009;

Halvorson et al., 2012), ion exchange capacity (Halvorson

et al., 2011; Halvorson et al., 2013), and solubility of macro

and micronutrients in soil and manure (Halvorson et al., 2013;

Schmidt et al., 2013a; Halvorson et al., 2016; Halvorson et al.,

2017; Schmidt et al., 2017). These studies provide some

understanding of initial abiotic interactions between a few

specific tannins and soil but very little is known of the effects

of combinations of tannins or other phenolic compounds, for

example as a result of crop rotations or intercropping, or how

their effects might vary as the result of degradation by chemical

and biological factors in the soil. In addition, marked differences

between polyphenolic tannins and their monomers observed in

the above studies suggest tannin inputs that initially added C and

helped conserve N in soil could degrade into compounds that

would have no effect or might even increase mobility of plant

nutrients. Little information is available about how innate or

manageable soil characteristics can alter the effects of tannins,

though there is some evidence that inorganic soil solution

constituents such as pH can alter the charge, size, and

conformation of dissolved organic molecules (like tannins),

thus affecting their environmental behavior (Dultz et al.,

2020). Importantly, not considered here are the inducible

plant-soil interactions that result in formation and exudation

of tannins or related phenolic compounds in the soil in response

to external stressors such as infertility, competition, pathogens,

or toxic conditions (Kinraide and Hagerman, 2010; Zhang

et al., 2016).

Probably least understood are possible management

implications of tannins on the physical qualities of agricultural

soil linked to important attributes such as compaction, aggregate

formation, and water infiltration. Tannins have many industrial

applications that provide hints as to their potential for

management of soil physical characteristics (Shirmohammadli

et al., 2018; Binti et al., 2019; Pizzi, 2019; Singh and Kumar, 2019;

Das et al., 2020). Currently, commercially available formulations

containing tannins are used to improve road surfaces and added

to drilling muds and casting sands to improve their physical

characteristics (Ismail et al., 2020). In soil, interactions between

tannins, polysaccharides and proteins or possibly other

proteinaceous compounds have been reported to increase the
Frontiers in Agronomy 03
stability of soil aggregates (Griffiths and Burns, 1972; Erktan

et al., 2017) and affect soil plasticity. Sorgho et al. (2014)

observed binding between tannin compounds and iron

hydroxides on clay surfaces that enhanced compressive

strength of clay.
Function of tannins in forages

Plants produce various phytochemicals to enhance their

survival with continually changing environments (i.e., Pearce

et al., 1991; Turlings et al., 1995; Strzalka et al., 2003; González-

Lamothe et al.,2009; Agati and Tattini, 2010; Santana et al., 2010;

Bruce and Pickett, 2011; Leiss et al., 2011; Pierik et al., 2014;

Savatin et al., 2014). Among these are phenolic compounds,

including tannins, which are structured with at least one

hydroxyl functional group on an aromatic ring and are further

divided into either flavonoids or non-flavonoids (Crozier et al.,

2001). Flavan-3-ols are a subclass of flavonoids and are the most

structurally complex group, which include monomers catechin,

ep i c a t e ch in , and th e o l i gomer i c and po l yme r i c

proanthocyanidins (Crozier et al., 2001).

Tannins may be found in leaves, seeds, fruits, bark, and

glandular trichomes acting primarily as deterrents to pathogens,

insects, and larger herbivores, while also having allelopathic

effects on other plants (Dixon et al., 2004; Agrawal and Weber,

2015). Further, phenolic compounds may reduce photodamage

through antioxidant capacity, as excess light energy beyond

photosynthetic necessities creates damaging oxidative

byproducts (Close and McArthur, 2002; Kliebenstein, 2004).

The abundance of tannins in nature is coupled with the

complexity of examining them, as the precise form and

structure of tannins is not only species-specific but differs

within individual plants. Tannin structural diversity and

function is discussed extensively in the literature (i.e., Dixon

et al., 2004; Xie and Dixon, 2005; Salminen and Karonen, 2011;

Adamczyk et al., 2017). Here, we briefly highlight circumstances

in which tanniferous forages exhibit fluctuation of these

carbonaceous metabolites in changing environments.

In general, stress (i.e., heat, drought, injury) typically

increases production of phytochemicals, enhancing the

survivability of plants (Akula and Ravishankar, 2011; Tharayil

et al., 2011; Savatin et al., 2014; Isah, 2019). Sainfoin (Onobrychis

viciifolia Scop.), a productive leguminous forage, increases

production of condensed tannins (CT) with limited water

availability during vegetative growth, while also reducing

presence of sainfoin rust (Uromyces onobrychidis (Desmazières

Léveillé) with increased CT concentration (Malisch et al., 2016).

This exemplifies the adaptability of sainfoin to water stress by

increasing CT concentration, and how the presence of CT

appears to protect sainfoin from fungal pathogens. Although

big trefoil (Lotus pendiculatus Cav.) showed increased CT

concentration with higher temperatures and limited water
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(Anuraga et al., 1993), birdsfoot trefoil (Lotus corniculatus L.)

had lower CT in leaves, stems and roots when water stressed,

and lower CT concentrations with higher temperatures

(Carter et al.,1999).

In conditions of high fertility, phenolics such as tannins

typically decrease (Lavola et al., 2003), whereas infertile sites

seem to result in increased phenolics (Chapin et al., 1986;

Northup et al., 1998). This could be due to the influence of

these compounds on soil nutrient cycling discussed in the

previous section (i.e., Kraus et al., 2003; Kraus et al., 2003b),

or to resource allocation. The physiological shift in phenolic

production induced by environmental stress is not well

understood, and the implications for how to manage systems

for phenolics is largely void.

Condensed tannins are known to bind with molecules such

as proteins, while hydrolysable tannins (HT) are more

oxidatively active, and this distinction depends largely on pH

(Salminen and Karonen, 2011), whether in soil or in the gut of

an herbivore. Phenolic compounds such as tannins show

potential to defend plants against insect defoliation (Schultz,

1989) and other pathogens (Scalbert, 1991) which may reduce

insecticidal input needs, while at the same time offering foraging

advantages to larger herbivores. Since insect midguts have higher

pH where oxidatively active tannins may hinder insect

defoliation (Barbehenn et al., 2008; Barbehenn et al., 2009;

Barbehenn and Constabel, 2011).

Mammalian herbivore intestines have lower pH, where

protein precipitation occurs with CT, benefitting ruminant

utilization of protein. In addition, several perennial forages

contain phenolics (Cowan, 1999; Allison et al., 2009), including

tannins, which have antibacterial, fungicidal, and antiviral effects

(Scalbert, 1991; Cowan, 1999; Maddox et al., 2010). Purple prairie

clover (Dalea purpurea Vent.), a grazing-tolerant and highly

nutritious legume, contains high concentrations of CT which

have antimicrobial activity (Hufford et al., 1993; Jin et al., 2015).
Enhancing animal health
with tannins

At the right dose, phytochemicals offer various benefits to

ruminants and other mammals, including humans. Phenolic

compounds have anticarcinogenic qualities, antioxidative

properties, and in ruminants may reduce parasite load,

improve protein digestion, and can reduce enteric methane

emission (Waghorn et al., 1994; Barry and McNabb, 1999;

Villalba and Provenza, 2007; Waghorn, 2008; Villalba et al.,

2013; Stewart et al., 2019). However, tannin concentration above

7% in animal diets have shown detrimental health effects on

herbivores and can reduce desired nutrient assimilation and

consequential animal performance (Barry and McNabb, 1999:

Douglas et al., 1995; Waghorn et al., 1994; Mueller-Harvey,

2006; Min et al., 2012).
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Anticarcinogenic properties of phenolic compounds (Ren

et al., 2003) have been shown in many human in vivo and in

vitro studies (Knekt et al., 2002), though they have not been

extensively investigated in ruminants. Flavonoids quench phase I

and phase II metabolizing enzymes (e.g., cytochrome P450),

which activate procarcinogens to intermediates that ultimately

trigger carcinogenesis. Flavonoids inhibit the activities of certain

P450 isozymes such as CYP1A1 and CYP1A2, which then

inactivate specific procarcinogens by signaling their removal

through metabolic pathways (Bu-Abbas et al., 1998; Lahiri-

Chatterjee et al., 1999; Le Marchand et al., 2000). Phenolic

compounds act in vivo to neutralize excess free radicals in the

body (Balasundram et al., 2006; Agati et al., 2012; Katiki et al.,

2013), signal internal antioxidant mechanisms and improve

immune system function. Antioxidant levels are also an

indicator of flavonoids that can potentiate commercial

anthelmintics. The antioxidant flavonoid quercetin was reported

to increase anthelmintic activity of moxidectin in lambs (Dupuy

et al., 2003; Novobilský et al., 2013).

Hydrolyzable tannins and CT form complexes with

carbohydrate and nitrogenous compounds and were previously

thought to reduce intake and have negative effects on

digestibility and animal performance, though only at high

levels of tannin concentration (> 10%) (McSweeney et al.,

2001; Beauchemin et al., 2008). However, research using

moderate level tannins increased forage and nutrient

consumption when sheep and/or cattle ingested a tanniferous

legume with endophyte-infected tall fescue (Lyman et al., 2008;

Lyman et al., 2011; Lyman et al., 2012; Owens et al., 2012a;

Owens et al., 2012b), presumably because CT bind with alkaloids

such as ergovaline (Clemensen et al., 2018).

Polyphenolic compounds can both deter or enhance the

absorption of amino acids in the small intestine, depending on

dose and structure (Hagerman and Butler, 1981; Barry and

McNabb, 1999). When fed to ruminants at a moderate level,

CT blocking of hydrolysis deters enzymatic degradation of

proteins in the rumen and consequently alters N excretion

(Min et al., 2012). When protein digestion is reduced in the

rumen, there is less degradation to urea. Excessive urea requires

energy for the animal to excrete, hence when N waste is reduced,

energy can be directed for growth. Some protein-tannin

complexes are reversed in the abomasum or true stomach,

then absorbed and utilized as amino acids in the small

intestine. For example, feeding the HT gallic acid to beef cattle

altered the pattern of N excretion (Wei et al., 2016).

Tannins can also decrease enteric methane (CH4) production

from ruminants (Goel and Makkar, 2011; Yang et al., 2017).

Tannins inhibit CH4 production either from direct effects on

methanogenic archaea, indirect effects on protozoal methanogen

associated CH4 production, and/or reduction of fiber digestion

(Patra and Saxena, 2011) due to carbohydrate bonding. An in

vitro study showed that HT did not decrease forage degradability

and was more effective in reducing enteric CH4 emission than CT
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(Jayanegara et al., 2010). The effects of HT on microbes and CH4

emissions most likely depend on the core unit structure

(McAllister et al., 2005; Tavendale et al., 2005). Hydrolysable

tannins have a monosaccharide central core that is partially or

totally esterified with gallic acid or ellagic acid (Patra and Saxena,

2011). Though methane is often reduced, concurrent reduction of

fiber digestion can reduce feed efficiency. Both positive and

negative results on production were shown when methane was

reduced, and both alternatives can contribute to ruminant health

(Aboagye and Beuchemin, 2019). Future research in

agroecosystems that incorporate livestock could involve the

titration of appropriate tannin concentrations to enhance

livestock health while providing other benefits to the

environment, thereby increasing sustainability and enhancing

environmental services of agroecosystems.
Potential links to human health

Research suggests that consuming foods containing phenolic

compounds may have health benefits to humans (Cowan, 1999;

Figueroa-Espinoza et al., 2015; Tang and Tsao 2017; Pang et al.,

2018), and phenolic compounds are found in spring and winter

wheat (Zuchowski et al., 2011), rice (Kesarwani et al., 2014) and

several other grains (Dykes and Rooney, 2007). There is

increasing interest in how the meat and/or milk from animals

foraging phytochemically-rich plants might affect human health.

Consumption of red meat may create harmful lipid peroxidation

products in the body such as malondialdehyde, which can be

found in the blood after a meal of red meat (Gorelik et al., 2008).

However, consumption of red wine or coffee (both containing

polyphenolics) along with red meat can reduce production of

malondialdehyde and therefore reduced modification of low-

density lipoprotein, which is associated with formation of

atherosclerotic plaque (Gorelik et al., 2013; Sirota et al., 2013).

This may suggest that intake of tannins and other phenolic

compounds by animals may make their milk and meat healthier

for people, though this is still speculative and warrants

continued effort to elucidate direct effects on human health.

We are unaware of any research trials that focus on human

response to intake of milk and/or meat that contains higher

concentrations of phenolics. Additionally, it is difficult to

determine their healthfulness in milk and meat because

concentrations of other compounds such as fatty acids are

often changed simultaneously by the specific plant materials

consumed by animals. Nonetheless, concentrations of phenolics

increase in milk and meat when animals consume plants and

plant material containing phenolic compounds and are higher in

milk and meat when consumed if milk is not pasteurized and

meat is not grilled, roasted or cooked with high heat (Frutos

et al., 2020; van Vliet et al., 2021). For example, supplemental

quebracho tannin intake led to greater concentration of

phenolics in muscle, greater color stability, higher muscle
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antioxidant capacity, and greater resistance of myoglobin to

oxidation in lamb meat (Luciano et al., 2011). Maughan et al.

(2014) found better meat quality from cattle grazing tanniferous

sainfoin compared to alfalfa, showing greater marbling scores,

back-fat thickness, and more desirable coloring, yet there were

no differences in consumer preference.

Concentrations of some phenolic compounds can be high in

milk and liver (López-Andrés et al., 2013). Compared to people

who eat only the muscle of animals, people that eat liver from

forage-consuming cattle, sheep and/or goats may obtain more

phenolic compounds especially if the forage is immature and

fresh. Detailed research on human health benefits from milk or

meat of livestock grazing tannin containing forages is warranted,

especially as agroecosystems begin to incorporate alternative

forages that contain tannins to provide other system benefits.
Management implications

Integrative crop-livestock systems may address several

ecosystem services while continuing to produce food for an

expanding human population (Costa et al., 2014; Franzluebbers

and Stuedemann, 2014; Kunrath et al., 2014; Lemaire et al., 2014).

Diversifying our cropping systems to include tanniferous pasture

forages offers potential ecosystem benefits from the soil to the

atmosphere. For instance, the presence of a tanniferous N-fixing

legume seeded into grain crop production increases plant available

N for the grain crop, while the tannin-containing forage may help

deter insect herbivory, thereby enhancing the resilience of both

crops. In the soil, the presence of tannins inhibits N

mineralization, retaining more N in the soil and thereby

increasing C sequestration potential as it expands microbial

biomass in the soil.

Ruminant livestock grazing tanniferous forages benefit from

CT by preventing protein degradation in the rumen, which may

increase animal productivity. The reduction of protein

degradation can potentially improve environmental

sustainability of integrated crop livestock systems by decreasing

N excretion from ruminants (McMahon et al., 1999), reduce

methane emissions which improve system carbon sequestration of

both the livestock and the system itself (Waghorn et al., 2002;

Thornton and Herrero, 2010), and decrease manure nitrous oxide

emissions (Waghorn and McNabb, 2003). These same benefits

have been observed when tanniferous legume hay and silage has

been fed (Christensen et al., 2015; Broderick et al., 2017) though

with reduced effect compared with fresh forages. Regardless of the

state of the forages (fresh or dried), the integrative system that

utilizes tanniferous forages improves diet quality as legumes are

generally digested more quickly and to a greater extent than

grasses, as documented is a multi-year study (MacAdam et al.,

2022). MacAdam et al. (2022) showed that legumes had greater

crude protein, in vitro true dry matter digestibility, and non-fiber

carbohydrates than the grass, while grass had greater neutral
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detergent fiber, acid detergent fiber, and crude fiber than legumes.

Digestibility was found to be greater for the legumes than for the

grass as well, and the total digestible nutrients of legumes was

always greater than the grass and exceeded that of the high-forage

confinement total mixed rations also tested in that study

Ruminants consuming a higher quality diet due to the enhanced

protein content and digestibility of legumes utilized as cover crops,

grazed, or inter-seeded into grains, compared with grazing crop

residues and/or grazing grasses, have increased productivity and

reduced effect of environmental wastes such as methane or

ammonia (MacAdam, et al., 2022). Better quality diets also

reduce the CH4 output per unit of product and therefore a

target quantity of animal product can be achieved at lower

CH4 emissions and with fewer animals, improving both the

productivity and sustainability of the agroecosystem.

The biochemistry of forages consumed by animals influences

manure quality, and diets that include tanninsmay release Nmore

slowly into the system (Delve et al., 2001; Clemensen et al., 2020).

Stewart et al. (2019) found that CT concentration in cattle feces

was proportional to CT in the forages consumed. Management of

the quantity and quality of phenolic plant secondary compounds

may be part of strategies that intensify productivity of sustainable

systems, play a role during transition from one management to

another, or as part of efforts to improve or remediate

agroecological services.

Tannins and other phenolic compounds influence biological,

chemical, and physical elements in the soil ecosystem, and they

play an integral role in the ecological function of plants while also

benefiting animal health. Enhancing agroecological sustainability

by integrating tanniferous forages into crop-livestock systems is

speculative and requires further research. It is difficult to provide

categoric recommendations as research on tanniferous forages in

integrated crop-livestock systems is limited. Consequently, future

research might include tracing N mineralization in tanniferous

pastures with varying soil types and/or evaluating how regional

differences and climatic changes influence tannin concentrations
Frontiers in Agronomy 06
in forages, and the soil-plant dynamics in these systems. This brief

perspective paper supports the notion that phenolic compounds

such as tannins may assist in efforts to enhance agroecological

sustainability by demonstrating the various roles tannins have in

agricultural systems.
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